An improved flexible solar-aided power generation system (SAPG) for enhancing both selective catalytic reduction (SCR) de-NO x efficiency and coal-based energy efficiency of coal-fired power plants is proposed. In the proposed concept, the solar energy injection point is changed for different power plant loads, bringing about different benefits for coal-fired power generation. For partial/low load, solar energy is beneficially used to increase the flue gas temperature to guarantee the SCR de-NO x effectiveness as well as increase the boiler energy input by reheating the combustion air. For high power load, solar energy is used for saving steam bleeds from turbines by heating the feed water. A case study for a typical 1000 MW coal-fired power plant using the proposed concept has been performed and the results showed that, the SCR de-NO x efficiency of proposed SAPG could increase by 3.1% and 7.9% under medium load and low load conditions, respectively, as compared with the reference plant. The standard coal consumption rate of the proposed SAPG could decrease by 2.68 g/kWh, 4.05 g/kWh and 6.31 g/kWh for high, medium and low loads, respectively, with 0.040 USD/kWh of solar generated electricity cost. The proposed concept opens up a novel solar energy integration pattern in coal-fired power plants to improve the pollutant removal effectiveness and decrease the coal consumption of the power plant.
Introduction
Coal is the primary energy source for electricity production, and this will continue for a long period in the future [1] . However, as the major emitters of NO x , SO x , dust and CO 2 , coal-fired power plant have negative effects on the environment. Using environmentally-friendly alternative energy sources is an effective way to reduce pollutant emissions.
As a good fossil fuel replacement, solar energy has attracted great attention amongst the R&D and industry communities. However, its instability, relatively low intensity and high investment nature constrain the commercial application of solar thermal energy. Integrating solar energy into coal-fired power plants, normally referred to solar-aided power generation (SAPG), offers better performance and lower cost [2] . SAPG was first proposed by Zoschak and Wu in 1975 [3] . In recent In order to keep the SCR de-NOx temperature stable in the optimal operation range, the required solar energy for SCR de-NOx varies for different loads of a coal-fired unit: (1) no need for high load;
(2) a small amount needed for medium load and (3) a large amount needed for low load. Control of the distribution of solar energy under different loads is required, because it is difficult to change the total solar energy collected from collectors with the load variation. One possibility is to use the feed water at the inlet of the No. 1 high pressure regenerative heater (RH) to absorb the extra solar energy under high load and medium load conditions, saving high-pressure extraction steam (No. 1 extraction steam).
Therefore, a novel SAPG system concept for improving both the SCR de-NOx efficiency and provide coal savings effects is proposed. Figure 2 illustrates the concept of the proposed system for different loads: (1) For a low power load, the solar energy is used to heat the flue gas before the SCR de-NOx device to increase the SCR de-NOx temperature up to its optimal operation range, providing a great environmental protection effect (increase of SCR de-NOx efficiency) as well as additional flue gas heat for preheating the air. The additional flue gas heat, which is obtained from solar energy (injected after the economizer), could be released to the combustion air in the following air preheating process. The additional energy absorbed by the combustion air immediately increases the boiler furnace energy input, which could decrease the coal consumption and bring about a great coal savings effect; (2) For high load, the SCR de-NOx temperature is in the optimal operation range and does not need to be increased. The collected solar energy is then used to heat the feed water before RH1, saving No. 1 extraction steam. The saved extraction steam could pass through the following stages of the turbines and increase the output power, bringing a great coal savings effect; (3) At medium load, the collected solar energy is used to both heat the flue gas before the SCR de-NOx device (increasing SCR de-NOx efficiency as well as increasing the boiler furnace energy input) and heat the feed water before RH1 (saving No. 1 extraction steam). In order to keep the SCR de-NO x temperature stable in the optimal operation range, the required solar energy for SCR de-NO x varies for different loads of a coal-fired unit: (1) no need for high load;
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Application of the Proposed Integrated System in a 1000 MW Coal-Fired Power Plant

Description of the Reference Plant
A 1000 MW ultra-supercritical coal-fired power plant is selected as a reference case. The live steam is produced at 26.38 MPa and 600 °C, and a single reheater operates at 620 °C and 5.38 MPa. The ultimate and proximate analyses of the raw coal are listed in Table 1 . The overall performance of the reference power plant and the main thermal parameters of the regenerative system in design/offdesign cases are shown in Tables 2 and 3 , respectively. The steam turbine expansion lines on the Mollier diagram of all loads are shown in Figure 3 . 
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Description of the Reference Plant
A 1000 MW ultra-supercritical coal-fired power plant is selected as a reference case. The live steam is produced at 26.38 MPa and 600 • C, and a single reheater operates at 620 • C and 5.38 MPa. The ultimate and proximate analyses of the raw coal are listed in Table 1 . The overall performance of the reference power plant and the main thermal parameters of the regenerative system in design/off-design cases are shown in Tables 2 and 3, respectively. The steam turbine expansion lines on the Mollier diagram of all loads are shown in Figure 3 . Figure 4a shows a schematic of the integrated power plant using the proposed concept under different load scenarios. As the most commercially available technology, parabolic trough collectors are used to collect solar energy. An oil-flue gas heater (OFGH) located before the SCR de-NOx device is adopted to heat the flue gas to increase the SCR de-NOx temperature for low and medium loads and an oil-water heater (OWH) is used to heat the feed water before RH1 for high and medium loads. A flue gas-air heater (FGAH) is used to recover the extra flue gas heat (increased by the solar energy) and increase the combustion air temperature for low and medium loads. Valves 1 and 2 control the solar energy contribution by controlling the heat conduction oil flow rate for different loads. Valve 3 is used to control the flow rate of feed water. Valves 4 and 5 are employed to control the air flow rate.
System Description
For a partial load (below 50% of the base load) scenario, valves 1 and 5 open while valves 2-4
close. The schematic of the proposed SAPG is shown in Figure 4b . All the collected solar energy is used to heat the flue gas in the OFGH and the SCR de-NOx operation temperature increases correspondingly. The additional flue gas heat is recovered in the FGAH and the combustion air temperature is increased. 2. For the baseload, valves 2-4 open while valves 1 and 5 are closed. The schematic of the proposed SAPG is shown in Figure 4c . All the collected solar energy is used to heat the feed water in OWH and save high-grade extraction steam. The SCR de-NOx temperature is in the optimal operation range and there is no need to increase it, so the OFGH does not work (valve 1 in Figure 4a closes). The FGAH in high load is bypassed and not in operation because there is no additional flue gas heat (valve 5 in Figure 4a closes).
For the medium power load, all the valves open and the schematic of the proposed SAPG is
shown in Figure 4d . The solar energy is used to heat both the flue gas in OFGH and the feed water in OWH, increasing SCR de-NOx temperature and saving high-grade extraction steam. Besides, the FGAH is employed to recover the additional flue gas heat, while part of the air is bypassed to keep the exhaust flue gas temperature in a reasonable range.
To evaluate the performance of the proposed SAPG, the following parameters are assumed and designed: (1) For all power loads, the SCR de-NOx temperatures of the proposed system are kept as 350 °C after integrating solar energy (same as full load); (2) The total collected solar energy is equal to the heat required for SCR de-NOx at 50% load (low load); (3) The boiler exhaust flue gas temperatures of the proposed SAPG in all loads are same as those of the case unit; (4) The average direct normal irradiation (DNI) of solar energy is set to 0.61 kW/m 2 (average data in Northwest of China) [2, 17] . Figure 4a shows a schematic of the integrated power plant using the proposed concept under different load scenarios. As the most commercially available technology, parabolic trough collectors are used to collect solar energy. An oil-flue gas heater (OFGH) located before the SCR de-NO x device is adopted to heat the flue gas to increase the SCR de-NO x temperature for low and medium loads and an oil-water heater (OWH) is used to heat the feed water before RH1 for high and medium loads. A flue gas-air heater (FGAH) is used to recover the extra flue gas heat (increased by the solar energy) and increase the combustion air temperature for low and medium loads. Valves 1 and 2 control the solar energy contribution by controlling the heat conduction oil flow rate for different loads. Valve 3 is used to control the flow rate of feed water. Valves 4 and 5 are employed to control the air flow rate.
System Description
1.
For a partial load (below 50% of the base load) scenario, valves 1 and 5 open while valves 2-4 close. The schematic of the proposed SAPG is shown in Figure 4b . All the collected solar energy is used to heat the flue gas in the OFGH and the SCR de-NO x operation temperature increases correspondingly. The additional flue gas heat is recovered in the FGAH and the combustion air temperature is increased.
2.
For the baseload, valves 2-4 open while valves 1 and 5 are closed. The schematic of the proposed SAPG is shown in Figure 4c . All the collected solar energy is used to heat the feed water in OWH and save high-grade extraction steam. The SCR de-NO x temperature is in the optimal operation range and there is no need to increase it, so the OFGH does not work (valve 1 in Figure 4a closes). The FGAH in high load is bypassed and not in operation because there is no additional flue gas heat (valve 5 in Figure 4a closes).
3.
For the medium power load, all the valves open and the schematic of the proposed SAPG is shown in Figure 4d . The solar energy is used to heat both the flue gas in OFGH and the feed water in OWH, increasing SCR de-NO x temperature and saving high-grade extraction steam. Besides, the FGAH is employed to recover the additional flue gas heat, while part of the air is bypassed to keep the exhaust flue gas temperature in a reasonable range.
To evaluate the performance of the proposed SAPG, the following parameters are assumed and designed: (1) For all power loads, the SCR de-NO x temperatures of the proposed system are kept as 350 • C after integrating solar energy (same as full load); (2) The total collected solar energy is equal to the heat required for SCR de-NO x at 50% load (low load); (3) The boiler exhaust flue gas temperatures of the proposed SAPG in all loads are same as those of the case unit; (4) The average direct normal irradiation (DNI) of solar energy is set to 0.61 kW/m 2 (average data in Northwest of China) [2, 17] . The thermodynamic cycle and energy equilibrium of the proposed SAPG based on the case unit is simulated using the EBSILON Professional software, which is widely used for the design, evaluation and optimization of power plants [21, 22] . The model details of the main components are listed in Table 4 . Table 4 . Models details of the primary components in EBSILON Professional.
Components Models
Steam generator Dry ash extraction and single reheat is modeled as a black box
Steam turbines
Inlet pressure is defined for the steam turbine. In most cases, the outlet pressure is defined by the inlet pressure of the following turbine stage. For the last turbine stage, the outlet pressure is defined by the inlet pressure of the condenser (0.00575 MPa). Mechanical Efficiency = 0.998 The thermodynamic cycle and energy equilibrium of the proposed SAPG based on the case unit is simulated using the EBSILON Professional software, which is widely used for the design, evaluation and optimization of power plants [21, 22] . The model details of the main components are listed in Table 4 . Figure 5 compares the simulation results and designed data of extraction steam flow rate in the case unit, based on all loads and the designed coal input rate. The high agreement between the simulated results and the real data proves that the models are reliable to simulate the thermal progress of the proposed SAPG. In order to make the simulation reliable and simple, the solar collector, OFGH, OWH and FGAH are regarded as heat injection sources of the coal-fired power plant. Based on the energy balance, in the proposed SAPG, the required energy for SCR de-NOx is equal to the additional available flue gas heat for air preheating and the additional heat absorbed by the combustion air, which can be expressed as:
RHs
where Qfg and Qa represent the additional available flue gas heat and the additional heat absorbed by the combustion air (kW). Ip and Ic denote the flue gas enthalpies (kJ/kg-coal) at the SCR de-NOx temperature of the proposed SAPG (350 °C) and case unit, respectively. 0 p I and 0 c I are the theoretical hot air enthalpies (kJ/kg-coal) in the proposed SAPG and the case unit, respectively. Bj represents the coal combustion rate (kg/s) and α0 denotes the excess air ratio. The total required solar energy is equal to the sum of required energy for SCR de-NOx and the heat absorbed by feed water before RH1, which can be expressed as:
Heat Transfer Area Calculation
The area of the solar collectors could be calculated as [17] :
where Qs denotes the total required solar energy of the proposed SAPG (kW); φ is the solar collector efficiency and DNI represents the average direct normal irradiation of solar energy.
The solar collector efficiency φ, which is relative to the inlet fluid temperature, ambient air temperature and DNI, could be calculated as [23] :
where ΔT is receiver fluid temperature above ambient air temperature (°C).
The overall heat transfer coefficient of the FGAH can be given as follows [24] : The high agreement between the simulated results and the real data proves that the models are reliable to simulate the thermal progress of the proposed SAPG. In order to make the simulation reliable and simple, the solar collector, OFGH, OWH and FGAH are regarded as heat injection sources of the coal-fired power plant. Based on the energy balance, in the proposed SAPG, the required energy for SCR de-NO x is equal to the additional available flue gas heat for air preheating and the additional heat absorbed by the combustion air, which can be expressed as:
where Q fg and Q a represent the additional available flue gas heat and the additional heat absorbed by the combustion air (kW). I p and I c denote the flue gas enthalpies (kJ/kg-coal) at the SCR de-NO x temperature of the proposed SAPG (350 • C) and case unit, respectively. I 0 p and I 0 c are the theoretical hot air enthalpies (kJ/kg-coal) in the proposed SAPG and the case unit, respectively. B j represents the coal combustion rate (kg/s) and α 0 denotes the excess air ratio.
The total required solar energy is equal to the sum of required energy for SCR de-NO x and the heat absorbed by feed water before RH1, which can be expressed as:
where Q s denotes the total required solar energy of the proposed SAPG (kW); φ is the solar collector efficiency and DNI represents the average direct normal irradiation of solar energy. The solar collector efficiency φ, which is relative to the inlet fluid temperature, ambient air temperature and DNI, could be calculated as [23] :
where ∆T is receiver fluid temperature above ambient air temperature ( • C). The overall heat transfer coefficient of the FGAH can be given as follows [24] :
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where α fg , α a1 and α a2 denote the convective heat transfer coefficients of the flue gas, primary air and secondary air, respectively; ξ denotes the utilization factor (0.9); C n represents the factor reflecting the rotational speed (C n = 1) [24] ; and x fg (0.46), x a1 (0.14) and x a2 (0.28) represent the share of the flue gas, primary air and secondary air in the air preheater, respectively. The overall heat transfer coefficient of OFGH and OWH can be calculated as follows [25] :
where α 1 and α 2 denotes the convective heat transfer coefficients of hot source and cold source, respectively. R th1 and R th2 represents the thermal resistance of the tube wall and fouling thermal resistance, respectively. The heat transfer area can be calculated as follows:
where Q represents the heat transfer capacity and ∆t denotes the logarithmic mean temperature difference.
SCR de-NO x Performance Evaluation
Operation temperature is the most important parameter in the SCR de-NO x process of a coal-fired power plant. Generally, the SCR de-NO x efficiency is high at full load but presents downtrend as the load decreases, which is due to the decreased operation temperature. The increase of the SCR de-NO x efficiency by incorporating the proposed SAPG is calculated based on the operation curve in a typical coal-fired power plant, which is illustrated in Figure 1 [20] . The total NO x production could be calculated as follows [26] :
where β represents the transform ratio of fuel-nitrogen to NO x ; V y denotes the flue gas flow rate (m 3 /kg-coal); and C NOx is the thermal NO x produced by coal (m 3 /kg-coal).
Briefly Economic Evaluation
To evaluate the economic performance of the proposed SAPG, the cost of the generated electric power possible after introducing the solar energy is selected as the evaluation criteria and the cost of electricity (COE) is calculated as [17, 21] :
where O&M represents the annual operating and maintenance costs; E s is the additional solar electricity output, which is equal to the electricity output increase of the proposed SAPG. The capital recovery factor (CRF) can be calculated as [17, 27] :
where r denotes the discount rate and n represents the expected plant lifetime. The fixed capital investment (FCI) of the solar collecting device and FGAH can be calculated using the scaling up method, which is expressed as [17, 27] :
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where FCI r is the reference FCI of the equipment; S and S r denote the scale parameter of the equipment in the proposed SAPG and the reference equipment, respectively; f is the scaling factor. The main parameters for COE and FCI calculations are shown in Tables 5 and 6 , which can be obtained from [2, 17, [28] [29] [30] [31] . Table 7 shows the parameters of the main heat exchangers in the proposed SAPG. The following observations are obtained from Table 7 : (1) In the proposed SAPG, the total collected solar energy in all loads is 24.5 MWth; (2) the utilization of 24.5 MWth of solar energy varies in different load; and (3) the heat transfer area of all heat exchangers is not large, which is reasonable and practical in engineering. The thermal performance of the proposed SAPG is illustrated in Table 8 . It can be seen that the proposed SAPG could reduce the standard coal consumption rate by 2.68 g/kWh, 4.05 g/kWh and 6.31 g/kWh under high, medium and low load, respectively. The increase of the output electric power varies from 10.4 MW e to 11.9 MW e under different loads. In general, the proposed SAPG has a great coal saving effect for all loads. The coal saving effect shows an uptrend with the decrease of load. Figure 6 compares the coal-based thermal efficiency of the proposed system and the original case unit under different loads. As indicated, the coal-based thermal efficiency of the proposed is 47.34%, 47.03% and 45.01% under high, medium and low load, respectively, which is 0.49%, 0.72% and 1.07% higher than that of the original case unit. The thermal performance of the proposed SAPG is illustrated in Table 8 . It can be seen that the proposed SAPG could reduce the standard coal consumption rate by 2.68 g/kWh, 4.05 g/kWh and 6.31 g/kWh under high, medium and low load, respectively. The increase of the output electric power varies from 10.4 MWe to 11.9 MWe under different loads. In general, the proposed SAPG has a great coal saving effect for all loads. The coal saving effect shows an uptrend with the decrease of load. Figure 6 compares the coal-based thermal efficiency of the proposed system and the original case unit under different loads. As indicated, the coal-based thermal efficiency of the proposed is 47.34%, 47.03% and 45.01% under high, medium and low load, respectively, which is 0.49%, 0.72% and 1.07% higher than that of the original case unit. The energy flow of the proposed SAPG under different loads are illustrated in Figure 7 . The following observations can be derived: (1) the solar energy inputs for all loads are the same (24.5 MWth); (2) For high loads, the solar energy enters the regenerative cycle by heating the feed water, which could save 24.5 MW th of heat from the steam turbine bleeds; (3) For low loads, solar energy increases the combustion air temperature, which leads to 24.5 MWth of immediate energy input increase of the boiler and could produce more live steam; (4) For medium loads, 17.0 MWth of solar energy enters the boiler by increasing the combustion air temperature while 7.5 MWth of that enters the regenerative cycle by heating the feed water; (5) Compared with the saved No. 1 extraction steam (406 • C, 8.09 MPa) under high load, the energy level of additional live steam (600 • C, 26.38 MPa) produced by solar energy under low load is higher. Obviously, the energy level of solar energy is upgraded by the new utilization method in low load. It explains why the energy saving effect for low loads is significantly greater than that for high loads. Table 9 illustrates the SCR de-NOx performance of the proposed SAPG. Figure 8 compares the SCR de-NOx efficiency in the proposed SAPG and the original case unit. As can be seen, for all loads of the proposed SAPG, the SCR de-NOx temperature and efficiency are kept at 350 °C and 82.9%, respectively. The SCR de-NOx efficiency increases by 3.1% and 7.9% under medium load and low load, respectively, as compared with the reference case. In general, the proposed SAPG shows great NOx removal benefits under low load. Table 9 illustrates the SCR de-NO x performance of the proposed SAPG. Figure 8 compares the SCR de-NO x efficiency in the proposed SAPG and the original case unit. As can be seen, for all loads of the proposed SAPG, the SCR de-NO x temperature and efficiency are kept at 350 • C and 82.9%, respectively. The SCR de-NO x efficiency increases by 3.1% and 7.9% under medium load and low load, respectively, as compared with the reference case. In general, the proposed SAPG shows great NO x removal benefits under low load. Figure 9 illustrates the contribution of NOx emission decrease in the proposed SAPG. As indicated, the improvement of SCR de-NOx efficiency could bring 128.7 kg/s and 74.0 kg/s of NOx emission decrease under low load and medium load, respectively. The NOx emission decreases caused by coal savings vary from 5.6 kg/s to 9.6 kg/s under different loads. Obviously, the improvement of SCR de-NOx efficiency provides the main contribution for the NOx emission decrease at low load and medium load, which accounts for over 90%. 
Results and Discussion
Thermal Performance
SCR de-NOx Efficiency Increase
SCR de-NO x Efficiency Increase
Sensitivity Analysis
In the proposed system, the solar intensity will influence the SCR de-NOx performance and thermal performance. The off-design behavior of the solar field is performed in this section. As we know, the DNI of solar energy may show abrupt changes. In the proposed flexible system, the abrupt changes of DNI could be dealt by controlling the solar energy contribution (by controlling the flow rate of the heat conduction oil by valves). (1) When DNI increases, the additional solar energy is used to heat feed water in all loads, which could bring good energy savings effects; (2) When DNI decreases, the solar energy injected to the feed water decreases first. The solar energy injected to the flue gas will decrease when there is no solar energy in the feed water heating process. The flexible operation mode could weaken the influence of abrupt changes of DNI and keep great SCR de-NOx performance of the proposed system. Figure 10 illustrates the variations of the solar energy contribution as a function of changes in solar intensity. The following observation are derived: (1) Under high load, the solar energy for heating feed water shows an uptrend as DNI increases; (2) For medium and low loads, as DNI increases, the solar energy for SCR de-NOx performance improvement firstly shows an uptrend, and then remains constant. The solar energy for heating feed water shows an uptrend with the increase of DNI, when DNI is higher than 424 W/m 2 and 610 W/m 2 under medium and low loads, respectively. Figure 9 illustrates the contribution of NO x emission decrease in the proposed SAPG. As indicated, the improvement of SCR de-NO x efficiency could bring 128.7 kg/s and 74.0 kg/s of NO x emission decrease under low load and medium load, respectively. The NO x emission decreases caused by coal savings vary from 5.6 kg/s to 9.6 kg/s under different loads. Obviously, the improvement of SCR de-NO x efficiency provides the main contribution for the NO x emission decrease at low load and medium load, which accounts for over 90%. 
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In the proposed system, the solar intensity will influence the SCR de-NO x performance and thermal performance. The off-design behavior of the solar field is performed in this section. As we know, the DNI of solar energy may show abrupt changes. In the proposed flexible system, the abrupt changes of DNI could be dealt by controlling the solar energy contribution (by controlling the flow rate of the heat conduction oil by valves). (1) When DNI increases, the additional solar energy is used to heat feed water in all loads, which could bring good energy savings effects; (2) When DNI decreases, the solar energy injected to the feed water decreases first. The solar energy injected to the flue gas will decrease when there is no solar energy in the feed water heating process. The flexible operation mode could weaken the influence of abrupt changes of DNI and keep great SCR de-NO x performance of the proposed system. Figure 10 illustrates the variations of the solar energy contribution as a function of changes in solar intensity. The following observation are derived: (1) Under high load, the solar energy for heating feed water shows an uptrend as DNI increases; (2) For medium and low loads, as DNI increases, the solar energy for SCR de-NO x performance improvement firstly shows an uptrend, and then remains constant. The solar energy for heating feed water shows an uptrend with the increase of DNI, when DNI is higher than 424 W/m 2 and 610 W/m 2 under medium and low loads, respectively. Figure 11 shows the variations of the SCR de-NOx efficiency and standard coal consumption rate decrease as a function of changes in solar intensity. As indicated in Figure 11 , the SCR de-NOx efficiency of the proposed SAPG at high load remains at 82.9% with the changes of solar intensity. For medium and low load, the SCR de-NOx efficiency will reduce slightly when the solar intensity is lower than 424 W/m 2 and 610 W/m 2 , respectively. In the point of thermal performance, as the solar intensity increases, the standard coal consumption rate decrease shows an uptrend. In general, under a relatively large variation of solar intensity, the proposed SAPG could keep high SCR de-NOx efficiency and great energy saving effects for all loads. Table 10 provides the economic performance of the proposed SAPG. As indicated in Table 10 , the COE of solar generated electricity is 0.040 USD/kWh, which is lower than the current parabolic trough SAPG (0.09-0.11 USD/kWh) [2, 17] . The reasons mainly come from the combined effects of the high coal savings effect and the affordable FCI of the additional equipment. Table 10 . Economic performances of the proposed SAPG.
Economic Performance
Items
Proposed SAPG FCI of the additional equipment Solar collector (million USD) 11 .95 OFGH (million USD) 1.08 OWH (million USD) 0.21 Figure 11 shows the variations of the SCR de-NO x efficiency and standard coal consumption rate decrease as a function of changes in solar intensity. As indicated in Figure 11 , the SCR de-NO x efficiency of the proposed SAPG at high load remains at 82.9% with the changes of solar intensity. For medium and low load, the SCR de-NO x efficiency will reduce slightly when the solar intensity is lower than 424 W/m 2 and 610 W/m 2 , respectively. In the point of thermal performance, as the solar intensity increases, the standard coal consumption rate decrease shows an uptrend. In general, under a relatively large variation of solar intensity, the proposed SAPG could keep high SCR de-NO x efficiency and great energy saving effects for all loads. Figure 11 shows the variations of the SCR de-NOx efficiency and standard coal consumption rate decrease as a function of changes in solar intensity. As indicated in Figure 11 , the SCR de-NOx efficiency of the proposed SAPG at high load remains at 82.9% with the changes of solar intensity. For medium and low load, the SCR de-NOx efficiency will reduce slightly when the solar intensity is lower than 424 W/m 2 and 610 W/m 2 , respectively. In the point of thermal performance, as the solar intensity increases, the standard coal consumption rate decrease shows an uptrend. In general, under a relatively large variation of solar intensity, the proposed SAPG could keep high SCR de-NOx efficiency and great energy saving effects for all loads. Table 10 provides the economic performance of the proposed SAPG. As indicated in Table 10 , the COE of solar generated electricity is 0.040 USD/kWh, which is lower than the current parabolic trough SAPG (0.09-0.11 USD/kWh) [2, 17] . The reasons mainly come from the combined effects of the high coal savings effect and the affordable FCI of the additional equipment. Table 10 . Economic performances of the proposed SAPG.
Economic Performance
Items
Proposed SAPG FCI of the additional equipment Solar collector (million USD) 11 .95 OFGH (million USD) 1.08 OWH (million USD) 0.21 Figure 11 . Influence of (a) solar intensity on SCR de-NO x efficiency and (b) standard coal consumption rate decrease. Table 10 provides the economic performance of the proposed SAPG. As indicated in Table 10 , the COE of solar generated electricity is 0.040 USD/kWh, which is lower than the current parabolic trough SAPG (0.09-0.11 USD/kWh) [2, 17] . The reasons mainly come from the combined effects of the high coal savings effect and the affordable FCI of the additional equipment. Table 10 . Economic performances of the proposed SAPG.
Economic Performance
Items
Proposed SAPG FCI of the additional equipment Solar collector (million USD) 11.95 OFGH (million USD) 1.08 OWH (million USD) 0.21 FGAH (million USD) 1.06 Total additional FCI (million USD) 14.3 Additional operation and maintenance cost (million USD) 0.57 Additional solar electricity output (GWh) 48.5 COE of solar generated electricity (USD/kWh) 0.040
Conclusions
An improved flexible solar-aided power generation system (SAPG) for enhancing both the selective catalytic reduction (SCR) de-NO x efficiency and coal-based energy efficiency of coal-fired power plants under different power loads was proposed. This opens up a novel solar energy integration pattern in solar-aid coal-fired power plants. The SCR de-NO x efficiency of the proposed SAPG could increase by 3.1% and 7.9% under medium load and low load, respectively, by integrating the solar energy to increase the operation temperature of SCR de-NO x . Under high load, the proposed SAPG could reduce the standard coal consumption rate by 2.68 g/kWh by heating the feed water, and under low load, 6.31 g/kWh of standard coal consumption rate is reduced by reheating the combustion air. Under medium load, both the combustion air and feed water are heated and the resulting reduction of standard coal consumption is 4.05 g/kWh. Author Contributions: For research articles with several authors, a short paragraph specifying their individual contributions must be provided. Yu Han proposed the original ideas, carried out simulation, conducted calculation and wrote the paper. Cheng Xu, Gang Xu and Yuwen Zhang checked the paper, revised the paper and provided language support. Cheng Xu, Gang Xu and Yongping Yang provided technical and financial support.
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